This study evaluated the potential of a microbial consortium collected from a pulp and paper mill wastewater treatment plant (WWTP) for converting cellulose to hydrogen, biogas and organic acids. Fermentation tests were conducted in batch reactors fed with different concentrations of cellulose as substrate: (C1) . The parameters investigated were hydrogen, biogas, organic acids, carbohydrates and pH. The maximum hydrogen production was 14.77, 39.25 and 22.53 mmol L -1 , and the maximum methane was 4.40, 3.72 and 9.56 mmol L -1 , for C1, C2 and C3, respectively. Butyric acid was the main metabolite generated, with maximum concentrations of 2.2, 1.8 and 2.2 g L -1 for C1, C2 and C3, respectively. The decrease in hydrogen production was accompanied by the production of methane, acetic acid and hydrogen sulfide in the three tests, probably related to hydrogenotrophic methanogenesis, homoacetogenesis and sulfidogenesis, respectively. The phylogenetic characterization of the bacterial community was performed by cloning and sequencing analysis. The microorganisms identified in the consortium were similar (> 95%) to Clostridium sp., Klebsiella sp., Routella sp. and Desulfovibrio sp. These genera were associated with hydrogen production, degradation of cellulosic substrates, and/or hydrogen-consuming microorganisms.
INTRODUCTION
The rapid population growth and increased energy demand in response to intense industrialization process lead to the foreseeable depletion of limited fossil energy resources. 1, 2 In this context, the bioconversion of cellulosic biomass into value-added products, such as hydrogen, biogas and organic acids, could be considered an environmentally friendly alternative.
The bioproducts from cellulose can be achieved by using a pure culture or a microbial consortium as inoculum. However, the use of microbial consortium, from the point of view of operation and control, is simpler, more robust and it allows the conversion of many substrates due to their metabolic flexibility when compared to using pure cultures. 3, 4 Some bacteria of the genera Clostridium, Bacillus, Ruminococcus, Enterobacter have been widely described as cellulose-degrading bacteria. [5] [6] [7] These bacteria, as well as the non-cellulolytic one, are found in different anaerobic environments such as rumen, 8 landfill leachate, 9 vegetable wastes 10 and soil. 11 The non-cellulolytic bacteria may contribute to cellulose biodegradation by controlling pH and consuming metabolites, factors which affect the cellulolytic activity by enzyme inhibition and/or metabolite repression. 12 Pan et al. 13 used the activated sludge from a paper mill wastewater as inoculum for hydrogen production using wheat bran as substrate. The inoculum was thermally pretreated and Clostridium sp. was identified as the predominant hydrogen-producer. These authors reported that the acid substrate pretreatment was essential for converting the biomass into hydrogen.
The initial hydrolysis of cellulose is the most important limiting factor to get and efficient synthesis of value-added products. Many studies have reported the use of commercial cellulase to promote the biomass hydrolysis. Botta et al. 8 observed that the hydrogen production using paper as substrate and rumen fluid as inoculum was only possible after the application of commercial cellulase. Similarly, Datar et al. 14 also described the hydrogen production from hydrolyzed corn stover and anaerobic digester sludge as inoculum using commercial cellulase.
However, the involved mechanisms, energy consumption and economic costs related to the application of commercial cellulase are a complex gap knowledge for cellulosic biomass conversion. 15, 16 Moreover, there are several difficulties in the synthesis of value-added products, for instance, the relatively low production efficiency. The developing strategies that contribute toward solving these problems is one of the directions currently undertaken. 16 Thus, the application of a cellulolytic consortium and also the cellulosic waste from the same mill is a suitable strategy for decentralized and efficient energy production, due to the substrate/inoculum-specificity.
The aim of this study was to evaluate the biotechnological potential of a microbial consortium from a pulp and paper mill WWTP to produce value-added products from cellulose. Furthermore, a phylogenetic characterization, by the sequencing of 16S rRNA gene fragments, was performed to better understand the process dynamics.
MATERIAL AND METHODS

Inoculum source and enrichment phase
The sludge samples (0.2 L) were collected in the facultative pond of a Wastewater Treatment Plant (WWTP) from Suzano Pulp and Paper mill located in Limeira, SP, Brazil. The sludge had 22.7 g L -1 (± 1.2) and 11.8 g L -1 (± 1.0) of TS (total solids) and TVS (total volatile solids), respectively; and pH of 7.2.
The sludge samples were incubated in 5 L Duran ® flasks, of which 40% was composed of reaction volume and 60% of headspace (N 2 100%) at 37 °C. The reaction volume contained: 1.8 L of the enrichment medium (10 g L -1 yeast extract, 5 g L -1 tryptone and 10 g L -1 glucose) and 0.2 L of sludge. The initial pH was adjusted to 6.8 with 1.0 M HCI. Glucose was used as carbon source in the enrichment phase, according to Ho et al. 17 to favor heterotrophic bacteria to the detriment of autotrophic microorganisms.
Bath Reactors
Microcrystalline cellulose powder of particle size 20 μm (SigmaAldrich) was used as substrate. The batch fermentations were conducted in triplicate for the three different conditions, varying the cellulose concentrations as sole carbon source (g L The bioassays were performed in anaerobic batch reactors using a total volume of 2 L, with 50% of the reaction volume and 50% of headspace (N 2 100%). The modified-LGM 94 18 culture medium was composed of (g L 
Analytical procedures
The biogas composition in the headspace was determined using a gas chromatograph (Shimadzu, GC-2010) equipped with a thermal conductivity detector and argon was used as the carrier gas. The temperatures of the injector, detector and column were 30 °C, 200 °C and 300 °C, respectively. Samples (0.5 mL) were collected from each pressurized reactor with a pressure-lock gastight syringe.
The determination of organic acids and alcohols was performed using high performance liquid chromatography (HPLC Shimadzu) in accordance with Penteado et al. 19 pH and hydrogen sulfide analyses were conducted in accordance with Standard methods for the examination of water and wastewater. 20 The colorimetric phenol-sulfuric acid method was used to determine soluble carbohydrates. 21 The consumption of soluble carbohydrates (%) was calculated using the following equation: (1) where, C max is the maximum concentration of soluble carbohydrates measured and C f is the final soluble carbohydrates concentrations.
Phylogenetic characterization
The DNA extraction after the incubation period of the reactors was carried out in accordance with the protocol of Griffiths et al., 22 modified by using glass beads for cell lysis. The extracted DNA was amplified by polymerase chain reaction (PCR) using the primers 968FGC and 1401R 23 for the Bacteria Domain. The dendrogram based on the DGGE band patterns was constructed using the BioNumerics software 2.5, calculated from the Pearson similarity coefficient.
The phylogenetic characterization of the bacterial consortium in condition C2 after the incubation was performed by cloning and sequencing of 16S rRNA. Therefore, the extracted DNA was subjected to PCR to amplify the 16S rRNA gene fragment with the primers 27F and 1492R. 24 The PCR product was cloned according to Maintinguer et al. 25 The clones were sequenced by Macrogen Inc. (http://www. macrogen.com/eng/business/seq_overview.html).
Based on the obtained sequences, the vectors were removed using the Dnastar Lasergene SeqMan Pro and BioEdit 7.2.5 software package. The tools of the Ribosomal Database Project (decipher find chimeras, alignment, complete linkage clustering, representative sequences, RDP classifier, dereplicate -http://rdp.cme.msu.edu/) in addition to a basic alignment search tool (Basic Local Alignment Search Tool-BLAST) were used to obtain similar sequences at the National Center for Biotechnology Information GenBank database (http://www.ncbi.nlm.nih.gov/BLAST/). This previous step allowed the combination of sequences in Operational Taxonomic Units (OTUs).
The phylogenetic tree construction was performed using the Neighbor-Joining method, 26 with the MEGA 6.0 program. 27 In this step, the Bootstrap method was applied with 1000 replicas in order to estimate the reliability of phylogenetic tree topology. 28 The confidence limit was 99% for the taxonomic level of Species and 88% for the taxonomic level of Genus.
The representative sequences from each OTU were deposited in the NCBI database under the accession numbers KP715407 (OTU 1), KP715408 (OTU 2), KP715409 (OTU 3), KP715410 (OTU 4), KP715411 (OTU 5) and KP715412 (OTU 6).
Kinetic Parameters
The data were fitted to the mean values of the triplicate sets of reactors using the Statistica 8.0 software. The average of the hydrogen evolution data was adjusted to the modified Gompertz model.
(2)
H is the cumulative hydrogen production, t is the time of operation (days), P is the maximum hydrogen production potential (mmol/L), R m is the maximum hydrogen production rate (mmol/day.L), λ is the lag-phase period (day) and e is 2.71. The hydrogen yield was calculated for each condition by dividing P by the added cellulose mass.
One-way analysis of variance (ANOVA) was performed to evaluate the effect of substrate concentration on hydrogen production, using the Minitab 17 software. The values were compared at 5% level of confidence.
RESULTS AND DISCUSSION
Hydrogen production in batch fermentation
The hydrogen production potential (P) increased with the increment of cellulose concentration from 14.77 to 39.25 mmol L -1 using 2.0 and 5.0 g cellulose L -1 , respectively. Using ANOVA, substrate concentration had a significant effect on hydrogen production (p < 0.05), indicating that its production was favored when 5.0 g L -1 of cellulose was used as substrate. In contrast, the hydrogen production potential (P) decreased from 39. , respectively. However, Botta et al. 8 reported that the conversion of the cellulosic biomass into hydrogen was possible only after the addition of commercial cellulase enzyme, which was not applied in the present study.
Cellulases are enzymes specifically designed to hydrolyze cellulose chains. 30 Moreover, cellulases are relatively costly enzymes, thus its application is an economic disadvantage to the bioenergy technology. In this study, the commercial cellulase application was not needed because the microbial consortia from the WWTP had their own cellulolytic enzyme system. According to Pattra et al. 31 the increment of the substrate concentration could increase the metabolites production up to a certain level, but the organic acids accumulation led to a decrease in the pH and to the inhibition of the hydrogen-producing bacteria. In agreement with these authors, higher organic acids concentration was produced (5607.1 mg L -1 ) in the C3, as seen in Table 1 , and the lower final pH (5.4) was observed, corroborating the inhibitory effect of the high substrate concentration. Additionally, high substrate concentration could increase a partial pressure in the fermentation reactor, modifying the metabolic pathway to solventogenesis. 30 It was, also, observed in this study; that the ethanol productions in C1, C2 and C3 were of 43.4, 31.8 and 49.9 mg L -1 , indicating a deviation of the metabolic route to solventogenesis and consequently decreasing the hydrogen production in C3.
For all conditions, there was a predominance of butyric and acetic acid in relation to other organic acids, which totaled 60% of total acids composition. The presence of these acids in the fermentation of cellulosic material has been widely reported. 8, 9, 32 In C2, which had the highest hydrogen production (39.25 mmol L The organic acids as a function of the operational period of the batch reactors for the three tested cellulose concentrations are described in the Table 1 .
The hydrogen production started at 0.9, 2.4 and 3.4 days (d) in C1, C2 and C3, respectively ( Table 2 ). Li et al. 33 observed the λ increasing (0.66 to 0.74 day) with increasing cellulosic substrate concentrations (20 to 40 g L -1 ), using seed sludge as inoculum for hydrogen production. Ratti et al. 9 also reported the λ increasing according to the cellulosic concentration. These authors related increase of λ from 5.1 to 9.2 with 2.5 to 10.0 g L -1 cellulose, respectively, with ruminal fluid as inoculum and commercial cellulase application. This period (λ) corresponds to the time required for the enzymatic conversion of cellulose into soluble sugars and the catabolic conversion of these sugars into hydrogen, organic acids, and alcohols.
3 Therefore, the difference in the λ probably occurred due to the period required for the adaptation of the microbial consortium to the increasing cellulose concentration.
It was also observed that the hydrogen yield increased with increasing cellulose concentration, 7.39 to 7.85 mmol L -1 g -1 cellulose (2.0 to 5.0 g L -1 , respectively), but decreased when the cellulose concentration was 10.0 g L -1 (2.25 mmol L -1 g -1 cellulose). The high concentration of substrate may negatively affect the hydrogen production, either by the high partial pressure, 34 or by the excess of soluble sugars released that inhibit both cell growth and cellulase production, which may consequently endanger the end-product yields. 6 The highest hydrogen yield (7.85 mmol L -1 g -1 cellulose) was obtained in C2, indicating that this condition was favorable to the fermentative metabolism. The fermentation of cellulose by microbial consortium has been widely studied. 3, 9, 35, 36 The hydrogen yield values in our study are in agreement with the previous studies using cellulose as substrate (Table 3 ). ). The low hydrogen yield showed by this author probably was due to the inhibition caused by the high substrate concentration, as well as that demonstrated in the present study with 10.0 g cellulose L -1 . Additionally, the selection of a microbial consortium from the pulp and paper mill WWTP was an important advance in the research of hydrogen production with cellulosic biomass.
Soluble carbohydrates in batch fermentation
The conversion of cellulose into soluble carbohydrates confirms the activity of cellulolytic bacteria in the mixed culture (Figure 2 ). The cellulose degradation into simple sugars is an important step for their efficient conversion in bioenergy, such as hydrogen. 37 For all conditions, the hydrogen production increased when a higher concentration of carbohydrates was released (five to ten days from C1 and C2 and four to seven days for C3).
The highest concentration of carbohydrates (112 mg L -1 ) was observed in C2. Similarly, the highest hydrogen production ) was also obtained in this condition, corroborating the efficient cellulose conversion into sugars that can be easily fermented.
The soluble carbohydrates consumed in C1, C2, and C3 were 58, 66, and 74%, respectively. There was higher consumption of soluble sugars in the condition with higher substrate concentration (C3, 10.0 g L -1
). Botta et al. 8 also observed this trend. These authors used paper as substrate for hydrogen production, cellulase for substrate conversion, and obtained 56 to 65% of soluble carbohydrate consumption for concentrations from 0.5 to 4.0 g L -1 of paper and pretreated rumen fluid as inoculum. The reason may be a rapid bacterial growth as a result of higher substrate concentration available.
Hydrogen Consumption Routes
For all conditions, decreased hydrogen production was followed by increased methane, hydrogen sulfide and acetic acid (Figure 3) , indicating that the formation of these products occurred from hydrogenotrophic methanogenesis, homoacetogenesis and sulfidogenesis metabolisms, respectively.
Therefore, in addition to the cellulolytic/fermentative bacteria, the presence of other microorganisms in this consortium can be inferred, such as methanogenic archaea, hydrogen-consuming bacteria and sulfate-reducing bacteria (SRB) (see section Phylogenetic characterization).
The use of natural non-treated mixed cultures may have led to the increase of methanogenic populations and the consequent consumption of hydrogen.
An important environmental factor associated with methane production is the pH. In this study, the initial pH (6.8) and the final pH (6.1, 6.0 and 5.4, for C1, C2 and C3, respectively) were not a limiting factor for the growth of methanogenic archaea, as it measured the production of 4.40, 3.72 and 9.56 mmol L -1 of methane for C1, C2 and C3, respectively. Although most of the known methanogenic microorganisms grow at near-neutral pH, 38 the hydrogenotrophic genus Methanobacterium was identified in anaerobic fluidized bed reactors operated under low pH conditions (4.0-4.5) from a cassava processing wastewater and glucose mixture. 39 During the anaerobic digestion, methane can be produced from the bioconversion of hydrogen and/or acetic acid by hydrogenotrophic, 40 and acetoclastic archaea, 41 respectively. In our study, the higher methane production (9.56 mmol L -1 ) was obtained in C3. In this condition, the methane production started concomitantly with marked hydrogen decay, while the acetic acid remained constant ( Figure 3C ), indicating that the methane production was via hydrogen-consuming instead of acetate-consuming metabolism. Besides methanogenesis, the homoacetogenesis probably occurred in the reactors. The homoacetogenesis is the formation of acetic acid via reduction of CO 2 with H 2 . The genus Clostridium is associated to this metabolism. 41 Lazaro et al. 42 isolated bacteria from reactors used for hydrogen production and tested its capacity to produce hydrogen in batch experiments using glucose as substrate. These authors reported that C. carboxidivorans was related to the lowest hydrogen yield and relatively high acetic acid production, metabolism associated to homoacetogenesis.
In addition to methanogenesis and homoacetogenesis, the reduction of sulfate, performed by sulfate-reducing bacteria (SRB) is the most important source of H 2 S in anaerobic systems. The sulphate reduction can occur from four different organic substrates: butyric acid, propionic acid, acetic acid and hydrogen. 41, 43 The butyric, acetic and propionic acids increased over the incubation period, so these metabolites were probably not used in homoacetogenic. On the other hand, the decrease in hydrogen concentration during the incubation period could be a result of its use during sulfidogenesis. for C1, C2 and C3, respectively, were achieved at the end of the experimental period. Lin and Chen 44 compared the growth of the SRB at pH 6.7 and 5.5 using sucrose as substrate. The authors concluded that the pH 6.7 favored these populations. In this study, the pH (6.8) and the fermentation products (butyric acid, propionic acid, acetic acid and hydrogen) may have contributed to the maintenance of SRB in the reactors.
Effect of cellulose concentration in the structure of microbial communities
Although the same inoculum was applied in all conditions, the cellulose concentration seemed to have favored certain bacterial populations over others since there was a higher similarity between the bacterial populations for conditions with greater cellulose concentration.
There was only a 23% similarity between the conditions with cellulose (C1, C2 and C3) and enrichment reactor (with glucose). Indeed, the bacterial community structure is specific to a particular substrate. 45 The low similarity obtained between the reactor fed with cellulose and glucose (enrichment reactor) confirms that the cellulosic substrate influenced the structure of the microbial community developed in the reactors.
The similarity between C1, C2 and C3 was 77%. Similarity of 95% was observed in the populations under conditions C2 and C3, which contained higher cellulose concentration of cellulose)
The bacterial diversity (Shannon index) was 2.11, 2.08, 2.18, and 2.01 for the enrichment reactor, C1, C2, and C3, respectively. In a similar fashion the bacterial richness (Chao-1 index) was 9, 9, 11, and 8 for the enrichment reactor, C1, C2, and C3, respectively.
There was little variation among the samples, with values close to 2. For the samples of the enrichment reactor (with glucose), it can be inferred that the low diversity observed was a consequence of selective enrichment with the culture medium used, which favored the growth of fermentative bacteria. As for the conditions with cellulose, a greater diversity was verified in C2 (2.18) and a lower diversity in C3 (2.01). It is possible that the fermentative populations were also concentrated in C2, producing hydrogen, because it was the condition under which there was greater hydrogen production (39.25 mmol L -1 ). The Chao-1 method allows estimating the total number of species in a given community, it estimates the total richness, considering the rare species. Again, for condition C2, with higher hydrogen production, greater richness (11) was observed.
Therefore, the highest hydrogen production (39.25 mmol L -1 ) was obtained in condition (C2) with high richness and diversity index (9.00 and 2.08, respectively). A possible explanation for this might be that several bacterial populations were related both to cellulose hydrolysis and to hydrogen production. In fact, in anaerobic systems the concomitant hydrolysis and fermentation of cellulolytic substrates is performed by a physiologically diverse populations of cellulolytic microorganisms and non-cellulolytic bacteria.
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Phylogenetic characterization
The cloning and sequencing of bacterial populations resulted in 92 clones, which were arranged into six OTUs. The sequences presented high similarity to the sequences from Clostridium (OTU 1 and 3), Desulfovibrio (OTU 4), Raoultella (OTU 6) and Klebsiella (OTU 6) deposited in the NCBI database (Table 4) .
The imposed conditions (pH 6.8 and 37 ºC) favored the growth of Clostridium species identified in the sludge from a pulp and paper mill WWTP. Ho et al. 17 also identified bacteria similar to the genus Clostridium in fermentation tests from cellulosic substrates using sewage sludge as inoculum. The high butyric and acetic acid productions obtained in the current study confirmed the active metabolism of Clostridium in the reactors, as reported by Zhang et al. 46 Species from Clostridium, found in environmental samples, 47 were probably responsible for the cellulolytic activity. Clostridium sp. was also related to the homoacetogenic metabolism, 41 which reflects their metabolic plasticity. In this study, the homoacetogenic metabolism was enhanced by the increasing concentrations of acetic acid, as well as by the decrease in hydrogen concentration.
Clostridium amygdalium, widely reported in cellulolytic environments such as anaerobic-digester sludge, 48 was favored by the conditions applied in this study (pH 6.8 at 37 ºC) and products of the cellulose degradation.
Six clones, grouped into OTU 4, were identified as similar to Desulfovibrio sp. These bacteria exhibit fast growth in anaerobic conditions using carbon, sulfate and acetate as substrate. 49 In our study, the presence of sulfate in the culture medium and the acetate formed during acidogenesis may have favored the growth and maintenance of these bacteria.
Two clones grouped into OTU 6 had a similarity of 99% with Klebsiella sp. and with Raoultella sp. The species of Klebsiella were isolated from water bodies that receive paper and pulp mill wastewaters, 50 reinforcing the activity of these bacteria in our study which used sludge from a pulp and paper mill WWTP as inoculum. Both, Klebsiella and Raoultella, have the ability to degrade cellobiose 50 and could have favored the carbohydrates released from cellulose degradation.
Syntrophic relationships among microorganisms are reported in anaerobic environments for cellulose degradation. Cavedon and Canale-Parola 51 analyzed the interaction between Clostridium sp. and Klebsiella sp. using cellulose as carbon source. These authors reported that Clostridium sp. degraded cellulose releasing soluble sugars, which were used as substrate for Klebsiella sp. In the same way, Klebsiella sp. produced growth factors, such as biotin and p-amino benzoic acid, which required by Clostridium sp. In our study, Clostridium and Klebsiella were probably acting syntrophically for cellulose degradation.
CONCLUSIONS
This study describes the potential of sludge from a pulp and paper mill WWTP to bioconversion of cellulose without commercial cellulase application. Significant bacterial physiological diversity was verified, which accomplished the cellulose degradation and the bioconversion of soluble carbohydrates to hydrogen, methane and organic acids. Higher hydrogen production (39.25 mmol L -1 ) was obtained using 5.0 g L -1 of cellulose than in 2.0 g L -1 of cellulose (14.77 mmol hydrogen L -1 ). However, the increasing substrate concentration for 10.0 g/L may have caused a rapid growth of microorganisms, leading to organic-acid accumulation and pH decrease, which resulted in a hydrogen production of 22.53 mmol L -1 . In contrast, the higher methane production (9.56 mmol L -1 ) was obtained in C3 probably from the hydrogen-consuming metabolism as in this condition this production was concomitant with the hydrogen decrease. The microbial consortium consisted of bacteria similar to Clostridium, Klebsiella and Rautella, cellulolytic and fermenting bacteria. These microorganisms probably acted in synergism for the cellulose conversion into the many metabolites obtained in this study. For all conditions, it can be inferred that the conversion of the cellulose, by these bacteria, occurred by acetic-butyric fermentation, since the production of butyric and acetic acid totaled 60% of the total composition of acids.
